Following transection of a nerve fiber, the ruptured membrane must be resealed before regeneration from the proximal cut end. However, it is not certain how fast the cut end is resealed or how it is resealed.
Following transection of a nerve fiber, the ruptured membrane must be resealed before regeneration from the proximal cut end. However, it is not certain how fast the cut end is resealed or how it is resealed. We have examined the membrane sealing process following transection of the cockroach giant axon, using recovery of decreased membrane potential and input resistance as criteria. The cable analysis and the injury current profile measured under voltage clamp suggested that the injured site is resealed by a structure with high electrical resistances 5 to 30 min after the transection. This recovery of membrane properties roughly coincided in time with the appearance of a partition-like structure formed near the cut end. The membrane resealing process was highly dependent upon temperature and extracellular Ca*+. Substitution of Ca2+ by equimolar Mg*', Mn*+, or SP' failed to induce the membrane sealing following transection. However, even in a Ca2+-free solution, the membrane resealing ocurred if Ca2+ was injected into the axoplasm near the cut end. Thus, the membrane resealing appears to require Ca2+ entry into the axoplasm.
The resealing process was not affected by colchicine or cytochalasin. However, the resealing was prevented by the application of phospholipase A2 inhibitors.
These results suggest that the membrane resealing is triggered by phospholipase A2, which is activated by excess Ca2+ entering the axoplasm at the injured site.
Since the original observations by Engelmann (1877), it has been known that membrane depolarization (demarcation potential) produced by injury of cardiac muscle recovers within a few minutes (Rothschuh, 1951; Weldmann, 1952; De Mello et al., 1969; DBIBze, 1970; De Mello, 1972; Nishiye, 1977) . Cable analysis of the electrotonic potential near the cut end of Purkinje fibers has suggested that the recovery of the injury potential ("healing-over") in cardiac muscle IS due to the formation of a new diffusion barrier with high electrical resistances at the injured site and hence, presumably, to membrane resealing (Weidmann, 1952; DBIBze, 1970; also, see De Mello et al., 1969; Nishiye, 1977) . The rapid membrane resealing following lesion, however, is not a universal phenomenon among ' We wish to thank Dr. Yasunobu Okada for his helpful criticism. This work was supported by Grants-in-Aid from the Ministry of Education, Science, and Culture of Japan (564 40 026) and was carried out during the tenure of a postdoctoral fellowshlp (to H. Y.) from the Japan Society for the Promotion of Science.
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excitable cells. In striated muscle fibers, for example, the injury potential persists for several hours (Rothschuh, 1950) . A transected nerve fiber regenerates from the proximal cut end within days to weeks. Before outgrowth of the proximal cut end, the ruptured nerve membrane must be resealed. However, how fast the cut end is resealed is rather controversial in nerve fibers. The injury potential recorded near the cut end of the frog sciatic nerve slowly vanishes within a few hours (Lorente de N6, 1947 ; also see Englemann, 1877). The injury current measured with an extracellular vibrating probe after transection of the lamprey spinal cord disappears largely within an hour (Borgens et al., 1980) . By contrast, decreases in the membrane potential and the input resistance observed near the cut end of the cockroach giant axon show no recovery for about 8 days (Meiri et al., 1981) . This result is puzzling, since ultrastructural observations have shown that the membrane at the severed edge of nerve fibers is resealed within 1 to 2 days after lesion in the cockroach (Meiri et al., 1983) , as well as in the vertebrate (Zelenh et al., 1968; Martinez and Friede, 1970) . The apparently inconsistent results might be due to differences in species and/or experimental conditions.
We have examined the conditions that influence the resealing process at the cut end of the cockroach giant axon, using recovery of decreased membrane potential and input resistance as criteria. The membrane resealing process was found to be highly dependent upon temperature and extracellular calcium ions. Under optimum conditions the membrane sealing occurred within 5 to 40 min after transection. The present results suggest that the resealing of the ruptured nerve membrane is triggered by phospholipase AP which is activated by Ca'+ entering the axoplasm at the site of injury. A preliminary report on parts of this work has appeared (Yawo and Kuno, 1983) .
Materials and Methods
Adult male cockroaches, Periplaneta americana, were anesthetized with CO* and decapitated. The nerve cords (connectives) and attached ganglia from the first (A,) through sixth (As) abdominal segments were excised and placed in a chamber filled with a solution of the following composition (mM):
NaCI, 200; KCI, 3.1; Ca&, 9; NaHC03, 1; glucose, 16.7; Tris, 5; PIPES, 3.
The pH, adjusted by Tris base, was maintalned between 7.20 and 7.25 at 5 to 25°C. In the cockroach, each nerve cord contains four ventral giant axons and three dorsal giant axons (Hess, 1958) . Their cell bodies lie in the As ganglion (Harris and Smyth, 1971; Harrow et al., 1980; Daley et al., 1981) , and the axons project centripetally through the thoracic ganglia without synaptic interruption (Spira et al., 1969) . In the present study, the three largest axons of the ventral group were used. The three axons, respectively designated as axons I, II, and Ill (Harris and Smyth, 1971; Harrow et al., 1980; Daley et al., 1981) , were 40 to 50 pm in diameter. The nerve cords were desheathed between the fourth (A4) and fifth (As) abdominal ganglia, and the giant axons were isolated, leaving their rostra1 and caudal connections intact. This procedure was facilitated by pretreatment with 0.05% Pronase and 0.05% collagenase (Parnas et al., 1969 Yamasaki and Narahashi (1959) and Pichon (1974) , who used no enzymes.
During the experiment, the preparation was super-fused with the abovementioned solution equilibrated with air. The preparation was stabilized by pinning the connective tissues around the ganglia and by applying Vaseline over the nerve cords. Intracellular recordings from the isolated giant axons were made in a chamber mounted on the stage of an inverted phase-contrast microscope.
The glass micro-electrodes were filled with 3 M KCI in which 1 M potassium acetate was dissolved. The electrodes had resistances between 12 and 25 megohms. While intracellular potentials of a given giant axon were recorded from one electrode, another electrode was inserted within 30 pm from the recording site in order to apply current pulses for measuring the input resistance (Fig. 1) VI and VP, membrane potentials before and after axonal transection (at time = 0) recorded at 0.5 and 1.5 mm from the cut end. Vertical lines superimposed on these records are potential changes induced by hyperpolanzing current pulses (10 nA, 120 msec) applied through the current electrode inserted within 30 pm from V,. In this experiment, TEA (50 mM) was added to the superfusion solution to reduce the delayed rectification.
used to record intracellular potentials simultaneously at two sites ( Fig. 2 , inset).
After insertion of two or three micro-electrodes, the axon was acutely severed at about 0.5 to 1 .O mm from the recording site. Figure 1 illustrates the procedure of the axonal transection.
To avoid dislodgment of the microelectrodes, the axon was gently pressed to the bottom of the recording chamber with a glass capillary ( Fig. 1 A, P) Immediately before transection. The axon was then severed with a polished tungsten knife ( Fig. 1 A, B; K) mounted on a micro manipulator. Pressing with the glass capillary itself might have caused some injuries to the axon. In fact, this procedure alone produced a transient depolarization which disappeared within 1 or 2 min. A similar transient depolarization was also observed following insertion of the second micro-electrode near the site of penetration with the first electrode. When the axon was partially damaged by glass capillaries with various tip diameters, the recovery time of injury potentials showed a constderable variation, depending upon varying degrees of injuries. In order to avoid these complications, the observations were made only on those axons which were completely transected by the tungsten knife within 20 set after pressing. In a number of experiments, the axon was cut with a pair of fine scissors, and intracellular potentials were subsequently recorded near the cut end. Under these conditions, the recovery time of injury potential was similar to that observed following transection after pressing with the glass capillary. Therefore, it was assumed that some injuries produced by the pressing capillary did not affect the relatively slow time course (>5 min) of membrane sealing following the transection.
Additional technical details are given in the appropriate section of "Results."
Results
Resealing of ruptured nerve membrane. Our previous study showed that in the cockroach giant axon, the changes in the membrane potential and input resistance produced by transection recover gradually to near-normal levels (Yaw0 and Kuno, 1983) . To test whether this recovery is due to the development of a new barrier at the cut end, sequential changes in the cable parameters of the giant axon were measured before and after transection.
In the experiment illustrated in Figure  2 , intracellular potentials were recorded at two sites (V,, V,) which were 1 mm apart from each other, Yaw0 and Kuno Vol. 5, No. 6, June 1985 and a current injection electrode was placed near one of the recording electrodes. From the current electrode, a hyperpolarizing pulse (10 nA, 120 msec) was applied every 1 min continuously before and after transection. Thus, from the potential change developed at the current injection site (V,), the input resistance was calculated and, from the potential decrement between the two recording sites (V,, V,), the length constant (X) was estimated. When the axon was transected at 0.5 mm from V, (at time = 0), the axon was immediately depolarized. The depolarization was greater in the region near the cut end (V,) than in the distant region (V,). This depolarization was accompanied by a drastic decrease in the input resistance (vertical lines on the records in Figure 2 ). These changes in the membrane potential and input resistance returned to nearnormal levels about 25 min later. The above phenomenon observed following transection of the giant axon was similar to the "healing-over" of injured cardiac muscle (Deleze, 1970; Nishiye, 1977) . Using cable analysis, Deleze (1970) has shown that the injured site of cardiac muscle is resealed by a high electrical resistance in association with the "healing-over." We have applied the same cable analysis to severed giant axons. Assuming that an intact giant axon is a uniform cable of infinite length, the input resistance (R) can be given by R = %r,X, where r, is the internal resistance per unit length. If the cable is terminated by a short circurt at a distance of L from the recording site (L = 0.5 mm in Figure 2 ) immediately after transection, the input resistance (R') is expected to be
If the cut end is resealed, the cable would be terminated by an infinite resistance, so that the input resistance (R") can be given by R,, = rA coth(W 1 + coth(L/X) Figure 3 (open circles) shows the observed input reistances before and after transection of a giant axon. The input resistances immediately after transection (R') and following membrane resealing (R") expected from the transmission line theory (Deleze, 1970 ; also see Weidmann, 1952) were calculated from the above equations, assuming that r, remained unchanged. These two values are shown by filled circles (doffed lines) in Figure 3 . The initial drop and steady level of the input resistance observed after transection (Fig. 3 , open circles) agreed reasonably well with the values expected from the cable theory (solid circles).
In the rat sciatic nerve, Zelena et al. (1968) have observed that a well-defined boundary (meniscus) is formed near the injury site within Time after section, min 24 hr after crushing. In the cockroach giant axon, we have often noticed a similar partition-like structure which appeared 5 to 30 min after transection (Fig. 1 C, arrowhead) . The site at which this structure was formed varied in different axons but was in a range of 50 to 300 pm from the cut end. The appearance of this newly formed structure roughly coincided with the time of recovery of the membrane potential and input resistance after transection. If this structure were responsible for membrane resealing (see "Discussion"), the value of L used for the above cable terminated by an infinite resistance would have been larger than the true value. However, a correction for this effect (using L = 0.2 mm, instead of L = 0.5 mm) increased the theoretical R" only by 6%. Therefore, this possibility may not seriously affect the conclusion.
A more serious point is that the cockroach giant axon is reduced in diameter as it enters each ganglion (Hess, 1960; Parnas et al., 1969) . Thus, strictty speaking, the axon cannot be considered to be a uniform cylinder. Therefore, the above cable analysis might be merely approximate. Furthermore, the cockroach giant axon shows delayed rectification (Pichon, 1974; Pelhate and Pichon, 1974; Pelhate and Sattelle, 1982) . Therefore, decreased input resistance during depolarization following the transection might be attributed partly to the delayed rectification. Thus, the time course of membrane sealing at the cut end may not accurately be estimated from the changes in membrane potential or input resistance. In order to measure the injury current directly, the membrane potential was manually clamped (Nishi et al., 1969) with the electrode arrangement illustrated in the inset of Figure 4 . In this experiment, the input resistance was initially measured by applying four hyperpolarizing current pulses (Fig. 4, I , V,), and immediately after transection (Fig.  4, arrows) , the axon was clamped at the resting level (-80 mV) intermittently for 200 msec every 3 sec. With this procedure, changes in both the membrane potential and membrane current could be observed after axonal transection. The intermittent release of the clamp current pulse often caused initiation of an action potential (Fig. 4, V,, V,) . Consequently, the details of the membrane potential changes were masked. However, from the current record in Figure  4 (I), it seems clear that a surge of inward current seen immediately after transection (arrow) gradually subsides and eventually disappear as the membrane potential recovers. From these results, it is concluded that the nerve membrane once ruptured is resealed by a structure with an electrically high resistance at or near the cut end and that the recovery time of membrane potential reflects approximately the time necessary for resealing of the ruptured nerve membrane.
In different giant axons examined at 23 to 27°C the recovery time of the membrane potential was 5 to 40 min after transection. The resealing occurred in the proximal edge, as well as in the distal edge of the severed axon. The conducting action potential once blocked near the injured site immediately after transection also gradually recovered its normal amplitude.
Effects of temperature. The "healing-over" in cardiac muscle is known to be temperature dependent (Escobar et al., 1969; Ochi and Nishiye, 1973) . This was also the case in membrane resealing of the severed giant axon. Figure 5A shows changes in the membrane potential and input resistance following transection of a giant axon at 17'C. In this particular case, there was no tendency of recovery in the membrane properties for at least 2 hr observed after transection. Temperature effects on membrane resealing following transection are summarized in Figure 55 . At a given temperature, at least 5 axons were examined, and the percentage of occurrence of successful membrane resealing in these axons is plotted as a function of temperature (Fig. 58) . All of the axons examined above 22°C showed resealing after transection, whereas no resealing occurred below 13°C. The recovery time of the membrane potential and input resistance oberved in two axons at 15°C (32 and 67 min) tended to be longer than that obtained above 22°C (5 to 40 min). However, the recovery time observed in six axons at 17-18°C (6 to 35 min) was not different from that seen above 22°C. Effects of calcium. The presence of extracellular Ca*' is essential for the "healing-over" process in cardiac muscle (De Mello et al., 1969; Deleze, 1970; Nishiye, 1977) . Figure 6A shows the changes in membrane potential and input resistance of a giant axon transected in a solution in which Ca'+ (9 mM) ions were replaced with equimolar Mn'+. Under this condition, the transected axon showed no sign of recovery for at least 2 hr at 23 to 27%. Similarly, when extracellular Ca"+ was substituted by equimolar Sr'+ or Mg'+, the transected axon consistently failed to seal its cut end. Thus, the membrane resealing process appears to require specifically Ca'+. VI, changes in the membrane potential at the site of the intermittent voltage clamp. V,, same as VI, but at 0.75 mm from the site at which the clamp currents were applied. Axons with a relatively large space constant (X > 9 mm) were used for this series of experiments, and delayed rectification was minimized by TEA (50 mM) and 4-aminopyridine (3 pg/ml). After the axonal transection, the length constant decreased to about 40 to 50% of the original value. The degree of space clamp was, however, satisfactory at 0.75 mm from the clamp current source even after the transection. Therefore, the injured site (0.75 mm) was assumed to be under voltage clamp. Note action potentials elicited by the release of the clamp current pulse in V, and V2.
axon showed a tendency of recovery, but the recovery from injury was not complete even 2 hr after transection. The axons transected in the same solution showed either no recovery or a complete recovery from injury, whereas in a solution containing 0.1 mM Ca*' and 9 mM Mg"+, the axon invariably failed to seal its cut end. Thus, the minimum concentration of extracellular Ca*' required for the membrane resealing seems to be about 0.1 to 0.5 mM. Our previous study (Yaw0 and Kuno, 1983) showed that even when a giant axon was sectioned in the presence of 9 mM Ca*' at 23 to 27'C, the axon failed to seal its injured membrane if EGTA was ionophoretically injected into the axon near the cut end. This suggests that the site of action of Ca*' in membrane resealing is the inside of the axon. This suggestion was further complemented by the experiment illustrated in Figure 7 . In this experiment, a giant axon was superfused with a solution in which Ca*' was replaced with equimolar (9 mM) Mn2+ to prevent the resealing process. A glass capillary containing 10 mM Ca*' was then inserted into the axon at about 1.2 mm from the recording site. The axon was transected about 0.3 mm from the Ca*' pipette (1.5 mm from the recording site). About 2 min before the transection, Ca*' was injected into the axon by applying pressure pulses (2 kg/cm"; 50 msec in duration) at 0. lular Ca'+. From these results, it seems reasonable to conclude that sealing of the ruptured nerve membrane requires Ca2' entry into the axoplasm.
Possible involvement of phospholipase A2 in membrane resealing. The Ca2' dependence of membrane resealing observed in the cockroach giant axon resembles Ca"+-dependent activation of phospholipase A2 in plasma membranes in three aspects. First, the two processes are very specific for Ca'+ compared with the other divalent metal ions tested (Pieterson et al., 1974; Van den Bosch, 1980) . Second, the two processes require relatively high concentrations of Ca2' (0.05 to 0.5 mM; Van den Bosch, 1980) . Third, the two processes require a rise in cytoplasmic free Ca2+ concentration (Van den Bosch, 1980) . Because of these similarities, the possible involvement of phospholipase A, in membrane resealing was examined.
The above possibility was tested by the application of two widely used phospholipase A2 inhibitors; one is p-bromophenacyl bromide (Volwerk et al., 1974; Gan-Elepano and Mead, 1978; Erman et al., mV 1983 ) and the other is mepacrine (Markus and Ball, 1969; Vargaftig and Dao Hai, 1972; Erman et al., 1983) . The effects of p-bromophenacyl bromide on membrane resealing are shown in Figure 8 . The axon was superfused with the standard solution containing 2 pM (Fig. 8A ) or 10 pM (Fig. 88) of the inhibitor for 30 min before transection. The inhibitor had no significant effects on the resting and action potentials or on the input resistance. In the presence of 2 PM of the inhibitor, the axon showed a tendency of recovery following the transection at 24°C although the recovery was incomplete even 2 hr after the injury (Fig. 8A) . At a concentration of 10 PM of the inhibitor, there was no tendency of recovery of the membrane potential and input resistance after the transection (Fig.  813) . The effects of p-bromophenacyl bromide were examined in a range of 1 to 20 pM. The inhibitor prevented membrane sealing following transection in a concentration-dependent fashion, The concentration at which 50% of the axons tested failed to recover from the injury was 5 pM. Essentially the same results were obtained with another inhibitor, mepacrine (see Figure 25 in Yawo and Kuno, 1983) . The effects of mepacrine were tested at a concentration of 0.1 to 5 mM; its 50%inhbition dose was 1 mM. These results were consistent with the assumption that activation of phospholipase A2 plays a central role in membrane resealing after injury.
Discussion
From the present results, there seem to be some features in common between the "healing-over" in cardiac muscle and the membrane resealing of axotomized cockroach giant axons. Thus, the injured site appears to be resealed by a structure with high electrical resistances. Also, the recovery from injury is Ca'+-dependent and temperature-dependent.
The presence of extracellular Ca2+ above 0.1 to 0.5 mM was essential for successful membrane sealing following transection of the cockroach giant axon. However, even in the presence of high extracellular Ca2+ (9 mM), no membrane sealing occurred after the injury if the expected increase in the intracellular Ca'+ concentration near the cut end was prevented by intra-axonal injections of EGTA (Yawo and Kuno, 1983) . Also, even in a Ca2+-free solution, membrane resealing did occur when Ca2' was injected into the axon near the cut end (Fig. 7) . Therefore, the membrane resealing must be triggered by excess Ca2' entering the axoplasm at the injured site.
Phospholipase A2 is considered to be embedded in the inner layer of the plasma membrane, and its activation requires Ca" (see review by Van den Bosch, 1980) . When phospholipase A2 was A OmMCa-9mMMn inhibited by p-bromophenacyl bromide or mepacrine, the axon failed to reseal its cut end. No other membrane properties were affected by the application of the inhibitors, These results strongly suggest that the membrane resealing is induced by phospholipase A2 which may be activated by Ca" entering the axon at the injured site. Phospholipase A2 catalyzes the hydrolysis of certain membrane phospholipids to arachidonate and lysolecithin. Howell and Lucy (1969) have shown that lysolecithin can induce membrane fusion of erythrocytes. Since then, the role of lysolecithin as a fusogen has been investigated in a variety of preparations (Poste and Allison, 1973; Lucy, 1978; Papahadjopoulos, 1978) . We attempted to test whether the application of lysolecithin alone may facilitate membrane resealing at the injured site without activation of phospholipase AP. For this purpose, the phospholipase action was inhibited by mepacrine (2 mM), and lysophosphatidylcholine (20 pg/ml dissolved in figure 7. Membrane resealing induced by intraaxonal injections of Ca" in a giant axon transected in a Ca"-free solution. Inset, A schematic diagram illustrating the arrangement of a recording electrode, a current Injection electrode for measuring the input resistance and a pipette containing 10 mM Ca2+ (dissolved in 0.12 M potassium acetate plus 0.08 M K,SO,; pH = 7.0) used for pressure injections. Heavy horizontal line, the period during which Ca'+ was injected In the axon. Bottom record, changes in the membrane potential and input resistance of a giant axon transected (arrow) in a solution in which Ca*+ was replaced with equimolar Mn*+. Temperature, 24°C.
467 mM manitol and 5 mM Tris-Cl; pH = 7.0) was injected into the axon near the cut end 5 min after the transection, using the pressure pulse method (1 kg/cm*; 300 msec at 1 Hz). Immediately after the injection, the membrane potential and input resistance showed a tendency of recovery. The partial recovery could be maintained as long as the injection was held. However, soon after interruption of the application, the axon was again depolarized. The explanation for this transient, partial recovery of membrane properties by lysolecithin remains uncertain.
The membrane resealing occurred in the cut proximal end as well as in the cut distal end. Thus, the resealing is a local event of the nerve membrane, being independent of the cell body. In the present study, there was no evidence that cytoskeletal systems play a role in the membrane resealing. The membrane sealing induced in skeletal muscle by isotonic Ca'+ solution was not affected by trypsin or chymotrypsin, suggesting that the membrane proteins are not involved in this process (De Mello, 1973) . In the cockroach giant axon, the critical temperature for successful membrane resealing was in a range of 13-22'C. This range of temperatures is similar to the phase transition temperatures of certain membrane lipids (Shischick and McConnell, 1973; Wisnieski et al., 1974; Chapman, 1975) . Above their transition temperatures, lipids are known to be more susceptible to fusion (Papahadjopoulos, 1978) . Thus, the membrane resealing may be achieved by fusion of lipids forming the membrane. However, it should be noted that the action of phospholipase A2 on phosphatidylcholine is exerted only above the phase transition temperature of the lipid (Wilschut et al., 1978) . Therefore, it remains uncertain whether the failure of membrane resealing at low temperatures is due to the nonfluid state of the membrane lipids (Papahadjopoulos, 1978) or to a lack of the phospholipase A2 action which is essential for the membrane resealing.
A newly formed partition-like structure observed near the cut end under a phase-contrast microscope (Fig. 1 C, arrowhead) might be responsible for membrane resealing. Our preliminary observations showed that the diffusion of fluorescein sodium injected into the axon is interrupted exactly at the site of this partition-like structure. Also, when the partition-like structure happened to be formed between the two micro-electrodes placed near the cut end, current injections from one electrode produced no detectable potential changes in the other side (H. Yawo and M. Kuno, unpublished observation) . Therefore, there is little doubt that this structure acts as a diffusion barrier. This structure was not formed when the axon failed to recover its membrane potential and input resistance following the transection. Thus, this structure appears to be a double layer membrane formed as a result of membrane fusion (see Bennett, 1969) . Alternatively, it may be an axoplasmic "plug" formed by the Ca*+-dependent surface precipitation reaction (Heilbrunn, 1956) . Electron microscopic observations which are now under way would provide some clue about the nature of this structure.
